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I.  INTRODUCTION 


Four  optical  properties  oust  be  measured  in  order  to  adequately 
characterize  zinc  selenide/zinc  sulfide  gradient  index  materials:  (1)  the 
transmission  of  the  material,  (2)  the  base  index  of  refraction,  (3)  the  index 
of  refraction  profile  (variation  of  index  of  refraction  with  spatial  co¬ 
ordinate)  ,  and  (4)  the  uniformity  of  the  gradient.  In  addition,  one  physical 
property  (the  concentration  of  selenium  and/or  sulfur  as  a  function  of 
position)  must  be  measured.  This  latter  measurement  is  necessary  at  the 
laboratory  stages  to  adequately  describe  the  physical  model  which  will 
eventually  predict  the  index  of  refraction  from  compositional  Information. 

While  it  is  expected  that  the  transmission  of  zinc  selenide/zinc  sulfide 
gradient  index  materials  will  have  transmission  properties  given  by  the 
average  of  the  sulfide  and  selenide  independently,  it  is  necessary  to  verify 
this.  For  example,  the  transmission  of  a  sample  which  has  50  percent  zinc 
selenide  and  50  percent  zinc  sulfide  at  a  certain  point  is  expected  to  have 
the  average  transmittance  of  the  two  materials  at  that  particular  wavelength. 
However,  because  the  combination  materials  cannot  be  deposited  at  the  optimum 
rates,  this  combination  is  expected  to  have  a  somewhat  lower  transmission  than 
this  average.  (It  is  well  known  that  the  ideal  temperatures  and  pressures  for 
the  two  materials  to  create  the  best  materials  are  not  the  same.  Therefore,  at 
a  laboratory  level,  this  transmission  oust  be  measured) .  In  addition,  a  few 
samples  should  be  manufactured  which  are  not  gradient  index  material  but  rather 
simply  combinations  of  the  two  materials  so  that  the  transmission  of  these 
can  be  measured  to  determine  what  the  optimum  conditions  are.  For  example, 
a  series  of  samples  which  are  homogeneous  in  nature  consisting  of  approximately 
20  percent  zinc  selenide  and  80  percent  sulfide,  40;60,  60;40,  80;20,  should 
be  manufactured.  These  will  allow  for  a  adequate  determination  of  the 
transmission  of  these  materials  and  thus  a  prediction  of  the  transmission  of  an 
index  of  refraction  gradient  made  of  these  two  compositions. 

The  system  for  making  such  measurements  is  quite  straight-forward  and 
should  consist  simply  of  an  infrared  spectrophotometer.  A  number  of  such 
instruments  are  commercially  manufactured.  The  measurements  should  be  made 
between  0.5  micrometers  and  12  micrometers.  One  additional  problem  may  arise 
concerning  the  deposit  of  the  gradient.  For  example,  if  a  series  of  discrete 
steps  are  produced  in  the  material,  each  with  a  slightly  different  index  of 
refraction,  then  one  would  expect  reflection  from  each  of  these  boundary 
layers.  This  will  contribute  to  an  effective  loss  in  transmission  which  must 
be  separated  from  the  normal  transmission  errors  in  the  bulk  material.  Thus, 
one  would  expect,  in  materials  where  step  indices  of  refraction  are  used  ,  to 
get  a  somewhat  lower  transmission  than  would  be  a  continuous  variation  in  index 
of  refraction. 

The  optical  performance  of  a  gradient  index  component  is  directly  determined 
by  the  uniformity  of  the  index  of  refraction  profile;  that  is,  as  a  function  of 
the  aperture  coordinate,  the  profile  should  be  the  same  along  all  lines. 


However,  it  is  well  known  in  the  chemical  vapor  deposition  method  of  sine 
selenide  and  zinc  sulfide  that  the  formation  of  small  nucleation  sites  results 
in  a  deposition  of  material  in  a  non-uniform  way.  For  example,  at  a 
nucleation  site,  more  material  will  be  deposited  as  a  function  of  time  and, 
thus,  a  bump  will  be  formed.  In  the  manufacture  of  homogeneous  zinc  selenide 
or  zinc  sulfide,  this  is  not  a  problem  since  the  material  being  deposited 
is  of  a  uniform  composition  throughout  the  entire  deposition  time.  However, 
since  the  deposited  material  is  to  be  changed  in  a  systematic  way,  once  a 
nucleation  site  is  formed,  the  bump  that  results  creates  a  surface  of  constant 
index  which  has  small  perturbations  on  it.  These  perturbations  result  in 
wavefront  error  throughout  the  material.  The  effect  will  be  to  have  a 
wavefront  which  will  be  nominally  spherical  or  plane,  with  perturbations 
superimposed  upon  it.  To  estimate  the  errors  of  these,  let  us  consider  the 
following  problem.  Suppose,  at  some  point  in  the  material,  a  nucleation  site 
is  formed  which  has  a  height  above  the  normal  deposition  plane  of  10 
micrometers.  After  the  nucleation  site  has  been  formed,  the  layers  deposited 
above  it  are  plane  except  for  a  10  micrometer  bump .  This  continues  until 
the  deposition  has  been  completed.  The  surface  is  now  polished  plane  and  the 
last  deposited  layer  will  be  removed.  A  part  of  the  index  of  refraction 
profile  which  corresponds  to  a  depth  of  10  micrometers  is  exposed  at  a  point 
above  the  nucleation  site.  If  the  index  of  refraction  between  the  area  above 
the  nucleation  and  the  normal  material  is  0.1  the  optical  path  introduced  by 
this  effect  is  1.0  micrometer  (that  is,  1/10  of  a  wave  at  10.6  micrometers). 

If  the  nucleation  site  causes  a  bump  of  100  microns,  with  the  same  index  of 
refraction  variation,  then  the  effect  trill  be  to  create  a  one  wavelength 
optical  path  variation.  These  local  inhomogenletles  have  the  same  effect  as 
grinding  and  polishing  errors  in  normal  optical  fabrication.  Thus,  they  can 
be  interpreted  and  the  tolerances  can  be  determined  in  the  same  way  that  these 
optical  path  errprs  are  calculated.  In  normal  optics  used  for  high  quality 
imaging,  it  is  usually  necessary  to  maintain  these  errors  through  less  than 
X  by  four  (l.e.,  an  optical  path  error  of  2.5  micrometers  at  10.6).  Thus,  if 
the  index  profile  over  the  depth  varies  by  0.01  it  will  be  necessary  to  be 
sure  that  the  corresponding  heights  be  less  than  250  micrometers.  Other 
combinations  of  nucleation  heights  and  index  of  refraction  are,  of  course, 
possible.  By  reducing  the  index  of  refraction  difference  over  the  material, 
particularly  near  the  surface,  one  can  tolerate  an  Increase  in  the  height  of 
these  nucleation  sites. 

The  measurement  of  the  index  of  refraction  profile  (l.e.,  the  variation 
in  index  of  refraction  as  a  function  of  spatial  coordinate)  can  be  measured 
in  a  number  of  ways.  There  are  some  unique  problems  in  measuring  a  profile 
where  the  materials  have  a  high  index  of  refraction.  Because  it  is  possible 
to  generate  index  of  refraction  variations  of  0.2  in  Infrared  materials  (e.g., 
in  zinc  selenide  or  in  germanium)  over  depths  of  only  a  few  millimeters,  the 
slope  of  the  index  of  refraction  profile  can  be  enormous.  For  example,  an 
index  change  of  0.2  over  a  distance  of  1  millimeter  creates  a  slope  of  0.2 
mm.  This  should  be  compared  with  the  gradients  manufactured  in  optical 
glasses  for  visible  use  where  a  typical  index  of  refraction  profile  is  0.5 
over  5  millimeters.  This  results  in  a  slope  of  0.01  mm.  “  .  The  effect  of 
this  is  to  cause  problems  with  normal  interferometric  measurement  techniques. 
In  these  techniques,  two  surfaces  of  the  material  are  polished  such  that  the 
gradient  is  parallel  to  the  surfaces.  Thus,  light  propagates  through  the 
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sample  perpendicular  to  the  gradient.  The  optical  path  Introduced  by  such 
a  material  is  given  by  the  product  o£  the  thickness  of  the  polished  sample  and 
the  index  of  refraction  change  (An) .  By  taking  this  number  and  dividing  by 
the  wavelength  of  light,  one  determines  the  number  of  interference  fringes 
that  will  be  observed.  For  example,  if  the  index  change  is  0.01  and  the  sample 
thickness  is  2  millimeters,  the  optical  path  in  such  materials  is  20  micro¬ 
meters.  If  the  wavelength  of  the  instant  radiation  is  0.05  micrometers,  then 
40  interference  fringes  will  be  seen  in  a  Mach-Zehnder  interferometer  (80  will 
be  observed  in  a  Twyman-Green  configuration).  Thus,  4C  fringes  will  be  seen 
over  a  distance  of  5  millimeters  (the  depth  of  the  gradient)  or  8  fringes 
per  millimeter.  Now  consider  an  infrared  material  such  as  zinc  selenide. 

In  this  case,  the  index  change  can  be  0.2.  Assuming  a  sample  preparation 
thickness  of  2  millimeters  and  a  depth  of  1  millimeter,  the  optical  path  in 
this  system  is  400  micrometers  and,  at  10.6  microns,  the  number  of  fringes 
will  be  40.  Thus,  there  will  be  40  fringes  over  a  thickness  of  1  millimeter. 
This  corresponds  to  a  fringe  spacing  of  25  micrometers  which  is  2  1/2  times 
the  wavelength  of  incident  radiation.  While  this  is  not  an  unsolvable 
problem,  it  does  create  a  high  fringe  density  and  requires  high  performance 
optics  to  image  the  sample  onto  the  detector  plane. 

Two  solutions  have  been  offered  for  this  problem.  The  first  is  to  use 
standard  interferometric  techniques  but  to  introduce  a  modulation  with  two 
frequencies.  The  system,  called  a  harmonic  interferometer,  has  been  described 
elsewhere  [1].  The  results  of  the  measurement  of  a  zinc  selenlde/zinc 
sulfide  combination  have  been  performed  on  this  instrument  (see  Figure  1) . 
However,  in  this  situation,  the  sample  thickness  was  reduced  to  about  one- 
half  of  a  millimeter  in  order  to  adequately  reduce  the  fringe  density. 

The  second  solution  is  one  which  provides  an  index  of  refraction 
measurement  by  observing  polarization  changes  at  the  surface.  The  system, 
called  a  phase  lock  elllpsometer ,  modulates  the  input  polarization  of  a 
beam  incident  at  an  angle  near  the  Brewster's  angle.  The  polarization  of 
the  light  changes.  The  results  are  accurate  to  about  0.01  in  the  current 
system.  With  some  improvements,  this  could  be  increased  to  0.001.  This 
only  results,  however,  in  an  accuracy  of  one  hundredth  of  the  index 
variation,  whereas  interferometric  techniques  result  in  measurements  of  the 
order  of  0.0001  of  the  index  of  refraction  variation.  However,  it  is  not 
limited  in  any  way  by  the  slope  of  the  profile.  The  results  of  measurements 
of  this  instrument  are  shown  in  Figure  2  [2].  This  latter  technique  suffers 
from  one  important  effect;  that  is,  it  only  measures  the  surface.  This  is 
an  advantage  when  there  are  very  thin  layers,  however,  it  is  susceptible 
to  surface  preparation  methods  sad,  thus,  the  use  of  it  to  measure  absolute 
index  of  refraction  is  somewhat  dubious.  Since  the  surface  is  prepared  in 
the  sane  way,  it  is  expected  that  this  will  provide  at  least  an  indication 
of  the  index  of  refraction  profile  in  very  steep  gradients. 

The  last  optical  property  that-  needs  to  be  characterised  is  the  base 
index  of  refraction.  In  interferometer  methods,  only  the  index  of  refraction 
variations  are  characterised  and,  thus,  one  never  knows  whether  the  reference 
index  of  refraction  in  1.5  or  2.5.  While  one  may  argue  that  some  point  in 
the  material  is  a  basellns  (e.g. »  one  could  assume  that  there  is  a 
homogeneous  composition  of  sine  selenide  to  deposit  and,  thus,  the  index  of 


refraction. is  known  at  that  point) ,  this  is  probably  not  adequate  in 
normal  optical  systems.  Again,  there  are  two  possibilities.  One  is  to  use 
an  interferometric  technique  which  measures  the  absolute  index  of  refraction 
by  measuring  the  optical  path  difference  as  the  sample  is  tilted  in  one  arm 
of  a  Mach-Zehnder  interferometer.  Knowing  the  thickness  of  the  sample,  it 
can  be  show  that  a  measurement  of  the  absolute  index  of  refraction  can  be 
made  [3].  This  measurement  is  currently  available  to  about  0.001  and  is 
rather  independent  of  the  base  index  of  refraction.  The  second  technique 
is  to  use  the  phase  lock  ellipsometer  to  make  such  measurements.  Currently 
such  measurements  have  been  made  to  an  accuracy  of  about  0.05  but  they  can 
be  improved  by  an  order  of  magnitude  by  a  change  in  instrumentation.  The 
two  techniques,  taken  in  combination,  give  adequate  results  and  are  well 
within  the  needs  of  the  lens  design.  The  index  of  refraction  as  a  function 
of  wavelength  is  measured  to  about  0.005.  There  currently  exists  no  method 
by  which  a  company  can  get  these  measurements  made.  Thus,  this  represents 
a  research  topic  which  must  be  solved  to  do  gradient  index  as  well  as 
homogeneous  optics. 

XI.  TESTING  METHODS 

One  final  measurement  needs  to  be  made  in  the  laboratory  stages. 

All  nodels  which  predict  the  index  of  refraction  of  the  function  of  spatial 
coordinate  are  based  on  concentration  of  the  various  constituent  parts.  For 
example,  by  knowing  the  variation  of  selenium  within  the  material,  one 
should  be  able  to  predict  the  resulting  index  of  refraction  profile.  This 
is  necessary  to  the  parameters  of  the  lens  design,  which  are  normally  given 
in  index  of  refraction  versus  spatial  coordinate,  can  be  translated  into 
materials  parameters.  In  order  to  correlate  these  two,  it  is  necessary  to 
measure  the  concentration  of  the  materials.  Thus,  one  would  recommend  that 
microprobe  analysis  be  done  on  the  material  to  determine  this  data.  There 
are  a  number  of  methods  which  could  be  applied.  One  of  them  is  based  on 
energy  dispersive  techniques  which  are  well  suited  to  these  samples.  If 
the  samples  are  prepared  so  that  the  gradient  is  exposed,  as  it  would  be 
for  interferometric  techniques,  then  a  scanning  electronmicroscope  can 
sample  various  locations  in  the  gradient  and  make  a  compositional 
measurement .  This  technique  is  well  known  in  optics  and  has  been  used  to 
measure  silver  concentrations  as  a  function  of  depth  in  optical  materials. 

Xt  may  be  necessary,  in  order  to  give  proper  correlation,  to  make  as  many 
as  10  to  15  sample  measurements.  This  will  assure  direct  correlation  of  index 
of  refraction  with  materials  properties. 

III.  DESIGN  OF  10.6  MICROMETER  OPTICAL  COMPONENTS 

Two  gradient  index  lens  systems  have  been  designed  to  specify  the  type 
of  lens  blanks  that  need  to  be  produced  using  zinc  selenide/zinc  sulfide 
materials .  Because  an  axial  gradient  and  a  radial  gradient  have  different 
effects  on  the  performance  of  a  lens,  the  exact  aberrations  that  are  corrected 
differ  between  the  two  designs.  The  underlying  theme  is  the  determination 
of  the  profile  of  the  index  of  refraction  as  a  function  of  position  in  order 
to  write  a  series  of  specifications  for  a  chemical  vapor  deposited  zinc 
selenide/zinc  sulfide  gradient  index  material. 
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IV.  REQUIREMENTS  OF  AN  AXIAL  GRADIENT  LENS  BLANK 


The  design  of  axial  gradient  single  element  lenses  corrected  for 
spherical  aberration  and  coma  has  been  described  [41 .  The  important 
parameters  for  correcting  spherical  aberrations  are  the  first  curvature 
of  the  lens  and  the  value  of  the  first  coefficient  of  the  index  of  refraction 
profile.  If  the  index  of  refraction  is  given  by 

N(z)  -  N  N00  +  N0i  z  +  ... 

then  the  important  parameter  for  aberration  correction  is  the  Noi  coefficient. 
Further,  it  has  been  shown  that  this  coefficient  needs  to  be  maintained  over 
distance  equal  to  the  sag  of  the  surface  (e.g.,  for  a  lens  of  aperture  50  mm 
and  with  a  first  curvature  equal  to  0.00714  mm-^,  then  this  sag  is  equal  to 
2.2  mm).  After  this  distance,  the  profile  may  become  homogeneous  to  take  on 
any  profile  that  is  suitable  to  the  other  production  parameters. 

A  number  of  single  element  gradient  index  components  have  been  designed 
using  a  base  index  of  2.24  corresponding  to  zinc  sulfide  and  2.43  corresponding 
to  zinc  selenide.  It  has  beer,  assumed  that  the  diameter  of  the  lens  is  50  mm. 
Various  focal  lengths  have  been  chosen.  Table  1  gives  a  summary  of  those 
results  including  the  design  parameters,  the  values  of  the  curvature  (cvi  and 
cv2) »  the  gradient  depth  that  needs  to  be  maintained ,  and  the  index  change 
(An)  that  needs  to  be  produced.  It  can  be -seen  that  even  in  the  situation 
where  an  f/1  single  lens  element  is  designed,  the  value  of  the  change  of 
index  is  only  0.119  (i.e.,  only  one  half  the  capability  of  a  zinc 
selenide/zlnc  sulfide  process).  One  would,  therefore,  expect  that,  at  the 
boundary  of  the  first  surface,  the  composition  is  approximately  50Z  zinc 
selenide/zlnc  sulfide  and,  in  thd  Interior  of  the  lens  blank,  100Z  zinc 
sulfide  in  the  homogeneous  material.  This  would  make  the  most  cost 
effective  lens. 

It  can  further  be  shown  that  the  coefficient  Nqi  must  be  maintained  to 
approximately  +  3Z.  This  variation  depends  substantially  on  the  jnmg^g 
criteria  that  Is  established.  In  most  processes,  even  those  of  diffusion, 
this  is  an  easy  coefficient  to  be  maintained.  However,  variations  outside 
of  this  regime  can  be  taken  into  account  if  it  is  reproducible.  In  that 
circumstance,  the  focal  length  of  the  lens  can  simply  be  scaled  appropriately. 
Many  other  design  configurations  exist  that  can  be  used  to  compensate  for 
quadratic  coefficients  of  the  index  of  refraction  profile. 

There  are  a  number  of  expected  problems  with  a  zinc  selenide/zlnc 
sulfide  combination  -  one  is  the  smoothness  of  the  index  of  refraction 
profile  with  depth.  If  a  ripple  surface  or  ripple  index  profile  is  created 
(due  to  steps  in  the  processing) ,  one  would  expect  a  Fresnel  effect  to  be 
created.  If  bumps  are  created,  due  to  nucleation  centers,  one  would  expect 
the  same  effect  as  pits  in  the  lens  system.  Depending  upon  the  size  of  the 
index  variation  and  its  lateral  and  vertical  extent,  this  may  create  an 
ultimate  problem  for  this  process.  New  analytic  tools  will  have  to  be 
developed  in  order  to  handle  these  particular  problems. 
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TABLE  1 


ZnSE  -  ZMS  SINGLE  ELEMENT  AXIAL  GRADIENT  LENSES 


DIAMETER  -  SO  MM 
FOCAL 


LENGTH 

F# 

NOO 

N0i(MM-l) 

200  MM 

4 

2.430 

-.211x10*2 

100 

2 

2.430 

-. 390xl0-2 

62.5 

1.25 

2.430 

-. 122xl0-1 

50 

1.0 

2.430 

-.295X10”1 

N(Z)  -  Noo  +  N01Z 

cv2  «  CURVATURE  OF  FIRST  SURFACE 

cv2  *  CURVATURE  OF  SECOND  SURFACE 


cv2(MM~^) 

cv2 

GRADIENT 
DEPTH (MM) 

AN 

.0059 

.0025 

1.84 

.0039 

.0126 

.0061 

3.93 

.0154 

.0145 

.0037 

4.53 

.0553 

.0147 

.0009 

4.59 

.1355 
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V.  REQUIREMENTS  OF  A  RADIAL  GRADIENT  SINGLE  ELEMENT  BLANK 

A  number  of  radial  gradient  lenses  have  been  designed  both  for  the 
visible  and  for  the  infrared  [5,  6].  In  the  infrared,  a  two  element 
germanium  based  gradient  index  system  has  been  designed  for  use  in 
reconnaissance  application  [7].  It  has  a  full  field  of  view  of  42°  and  is 
diffraction  limited  over  nearly  0.8  of  that  field.  The  lens  system  is 
discussed  elsewhere;  however,  this  design  is  not  currently  manufacturable. 
Before  such  sophisticated  lenses  can  be  produced,  it  is  necessary  to 
manufacture  simpler  systems.  The  simplest  lens  system  is  the  radial  gradient 
Nood  lens.  In  this  system,  the  surfaces  of  the  final  lens  element  are 
piano  and  a  radial  gradient  is  introduced  in  the  material  with  an  axis  of 
symmetry  which  becomes  the  optical  element  axis.  The  index  of  refraction 
in  this  system  is  represented  by  a  polynomial  in  the  radial  coordinate 

N(r)  *  Nqq  N10r2  ^20r^  **' 

where  Nqq  is  the  base  index  of  refraction  (nominally  2.3  for  a  zinc  selenide/ 
zinc  sulfide  combination),  is  the  quadratic  coefficient  in  the  index  of 
refraction  polynomial  and  contributes  the  power  of  the  element;  and  N20  and 
higher  coefficients  contribute  to  the  aberration  correction  of  the  third, 
fifth  and  seventh  order  respectively.  The  power  of  such  an  element  (i.e., 
the  reciprocal  of  the  focal  length)  is  given  by  the  simple  relationship 
-2Niot  (where  t  is  the  thickness) .  This  assumes  that  the  focal  length  is 
larger  than  the  thickness  of  the  lens.  An  alternate  form  to  determine  the 
focal  length  is  -r^/2  tAn,  where  r  is  the  radius  of  the  component  and  An  is 
the  index  change  from  center  to  edge  due  to  the  quadratic  component.  For 
example,  for  a  single  element  lens  with  a  diameter  of  50  mm  and  a  thickness 
of  10  mm.  the  focal  length  is  given  by  the  simple  relationship  of  31.25 
divided  by  the  index  change.  The  f  number  of  this  system  is  given  by  the 
relation  -25/4QAn.  Thus,  the  index  change  created  critically  determines 
the  focal  length  and  f  number  of  the  system.  For  example,  for  an  index 
change  of  .05  the  focal  length  of  such  a  system  is  625  mm  and  the  f  number 
is  12.5.  If  the  index  change  is  0.2  (the  theoretical  limit  of  the  zinc 
selenide/zlnc  sulfide  process)  then  the  focal  length  will  become  156  and  the 
f  number  is  approximately  3.  In  order  to  construct  faster  systems  than  this, 
curved  surfaces  will  be  necessary  to  supplement  the  power  due  to  the  gradient. 
The  other  alternative  is  to  increase  the  thickness  of  the  lens  but  this  has 
the  disadvantage  of  increasing  the  weight  of  the  component.  Some  very 
simple  examples  are  shown  in  Table  2  in  which  the  base  index  and  index  of 
refraction  polynomial  have  been  described  for  systems  in  which  the  spherical 
aberration  is  corrected.  The  dispersion  of  the  gradient  has  been  calculated 
to  minimize  the  chromatic  aberration  on  the  wavelength  band  of  8-12  microns. 

In  Table  3,  the  equivalent  parameters  for  a  homogeneous  single  element  lens 
of  similar  focal  lengths  are  given.  One  sees  that  the  spherical  aberration 
of  such  a  Hood  element  is  essentially  reduced.  The  Petzval  field  curvature, 
which  is  a  difficult  aberration  to  correct  in  most  lens  systems,  is  reduced 
proportional  to  the  index  of  refraction.  However,  the  coma  is  substantially 
larger  and,  thus,  the  addition  of  curved  surfaces  on  the  lens  system  has  the 
advantage  of  not  only  Increasing  the  power  of  the  lens  element  but  will  allow 
the  coma  to  be  corrected. 
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Ia  Table  4,  tha  tolerances  for  the  f/3  single  element  redial  gradient 
component  have  been  calculated  and ,  in  Figure  3 ,  the  ideal  profile  has  been 
plotted  with  the  error  bars  superimposed  on  it.  This  is  only  one  of  an 
Infinity  of  solutions  that  could  be  manufactured  but  points  the  direction 
for  future  manufacturing  technologies •  Other  solutions  will  lead  to  other 
focal  lengths  and  to  other  f  numbers.  After  these  are  manufactured,  the 
lens  then  can  be  redesigned.  It  is  important,  however,  to  make  a  lens 
element  of  this  type  as  it  is  a  good  representation  and  is  relatively 
difficult  compared  to  the  axial  gradient. 


The  problems  associated  with  errors  to  the  nudeatlon  sites  and 
radial  gradients  are  identical  to  those  of  the  axial  gradient.  Again,  if  the 
lnhomogenelty  variation  occurs,  one  will  see  on  the  transmitted  wavefront 
small  perturbations. 

VI.  DESIGN  OF  AN  OGIVE  CORRECTOR  PLATE 

After  a  number  of  attempts  at  correcting  the  first  order  properties  of 
an  ogive  surface,  it  has  been  concluded  that,  at  least  by  conventional 
gradient  techniques,  this  is  not  possible.  The  reason  can  be  seen  fairly 
simply.  In  the  ogive  system,  the  refracting  surface  is  highly  curved.  This 
steep  curvature  is  a  function  of  the  aperture.  For  example,  rays  striking 
near  the  optical  axis  see  a  very  strongly  refracting  surface,  whereas  those 
out  near  the  edge  see,  essentially,  a  piano  window  that  is  tilted  at  some  very 
steep  angle.  This  results  in  the  rays  being  transmitted  at  very  different 
angles.  In  the  ideal  situation,  the  light  transmitted  through  the  surface 
is  refracted  at  a  constant  angle  as  a  function  of  aperture.  Of  course,  in 
the  ideal  situation,  the  ray,  after  refraction,  would  have  the  same  angle  aa 
it  did  before  and,  thus,  there  would  be  no  power  introduced  by  it.  This 
variation  of  refraction  as  a  function  of  aperture  is  essentially  a  first  order 
problem  and,  as  we  have  seen  by  the  design  of  an  axial  gradient  and  those  of 
a  radial  gradient,  this  phenomenon  will  not  be  corrected  by  such  gradients. 

It  is,  therefore,  my  conclusion  that  it  is  not  possible,  using  a  simple 
axial  or  radial  gradient,  to  correct  the  strong  aberrations  Introduced  by  an 
ogive  surface. 

Having  spent  considerable  time  analysing  this  problem,  it  occurs  to  me 
that  there  is  a  new  system  that  might  be  investigated  in  the  future  -  that  is, 
the  use  of  Fresnel  gradient  index  optics.  In  thle  system,  the  refracting 
power  la  given  in  the  same  way  as  a  Fresnel  system  works  -  by  a  series  of 
little  facets  but  these  facets  are  now  created  by  index  of  refraction 
variations.  This  has  some  advantage  over  shadows  that  would  normally  be 
created  and  can  result  in  strong  refraction  as  illustrated  by  the  standard 
overhead  condenser  lens  in  most  overhand  projectors.  With  this  very  simple 
system,  it  la  possible  to  create  strong  refractions  and  by  the  use  of 
gradient  index  it  might  be  simple  to  manufacture  with  very  high  quality. 
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TABLE  2 

RADIAL  GRADIENT  WOOD  LENS 
DIAMETER  OF  LENS:  50  ran 


Focal 

Length 

*00 

N10<“'2) 

Thickness 
<— ) 

AN 

200  ran 

2.42 

-0.25  x  10"3 

0.173  x  10"8 

10.0 

0.156 

-0.147 

150 

2.42 

-0.33  x  10-3 

0.398  x  10-8 

10.0 

0.206 

-0.193 

100 

2.42 

-0.50  x  10"3 

1.378  x  10"8 

10.0 

0.312 

-0.289 

50 

2.42 

-1.00  x  10-3 

1.088  x  10-7 

10.0 

0.625 

-0.564 

TABLE  3 


COMPARISON  OF  HOMOGENEOUS  SINGLET  AND  RADIAL  GRADIENT  SINGLET 

f/3,  fl  -  150  m 

SSBBigSggg  Wood 


CT1 

0.00804 

cv2 

0.00345 

™1 

10.0 

10.0 

»00< 

-  10.6m) 

2.403 

2.403 

*10 

-0.330  x  10~3 

*20 

+0.398  x  10“® 

"oo< 

-  13.0m) 

2.385 

2.385 

«10 

-0.335  x  10'3 

"20 

0.398  x  10“® 

*oo< 

•  8.2m) 

2.416 

2.416 

H10 

0.330  x  10“3 

*20 

0.398  x  10“8 

Field  Angle 

Spot  Size  (et  10.6m) 

0.0* 

0.430m 

0.012m 

2.5* 

0.600  x  0.500m 

0.420  x  0.210m 

5.0* 

1.057  x  0.700m 

0.571  x  0.466m 

Spot  Size  (ell  wavelengths) 

0.0* 

0.900m 

0.022m 

2.5* 

1.080  x  0.988m 

0.601  x  0.210m 

5.0* 

1.612  x  1.201m 

0.571  x  0.466m 

TABLE  4 

TOLERANCES  OF  RADIAL  GRADIENT  FOR  HOOD  LENS 


f/3. 

fl  -  150  xm 

Noalnal  Value 

Error 

Z  Error 

*00 

2.403 

+0.030 

1.25X 

M10 

-0.335  x  10"3 

+0.015  x  10“3 

4.5X 

*20 

0.398  x  10"8 

+0.04  x  10"3 
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